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Accumulating evidence points to a significant role of the circadian clock in the regulation of splicing in various
organisms, including mammals. Both dysregulated circadian rhythms and aberrant pre-mRNA splicing are fre-
quently implicated in human disease, in particular in cancer. To investigate the role of the circadian clock in
the regulation of splicing in a cancer progression context at the systems-level, we conducted a genome-wide
analysis and compared the rhythmic transcriptional profiles of colon carcinoma cell lines SW480 and SW620,
derived from primary and metastatic sites of the same patient, respectively. We identified spliceosome compo-
nents and splicing factors with cell-specific circadian expression patterns including SRSF1, HNRNPLL, ESRP1,
and RBM 8A, as well as altered alternative splicing events and circadian alternative splicing patterns of output
genes (e.g., VEGFA, NCAM1, FGFR2, CD44) in our cellular model. Our data reveals a remarkable interplay between
the circadian clock and pre-mRNA splicing with putative consequences in tumor progression and metastasis.
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1. Introduction
Behavior, physiology, and cellular processes of most organisms un-
dergo 24-h rhythms in activity that are generated by an endogenous bi-
ological timing system – the circadian clock. On the cellular level, the
circadian clock regulates the timing of numerous biological processes
such as cell growth and survival, DNA damage response, and metabo-
lism [1, 2]. Disruptions of such processes can lead to aberrant cellular
proliferation and are linked to cancer [3–5].

In mammals, a core-clock network (CCN) of genes and proteins
forms cell-autonomous transcriptional/translational feedback loops
that generate robust 24-h rhythms [6, 7]. A heterodimer complex
consisting of the protein clock circadian regulator (CLOCK) and proteins
from the aryl hydrocarbon receptor nuclear translocator like (ARNTL,
also known as BMAL) family (BMAL1,2) regulates the transcriptional ac-
tivation of the period circadian regulator (PER1,2,3), cryptochrome cir-
cadian regulator (CRY1,2), the nuclear receptor subfamily 1 group D
(NR1D1,2, also known as REV-ERBA,B) and the RAR related orphan re-
ceptor (RORA,B) clock gene families. PER and CRY proteins inhibit the
CLOCK:BMAL-mediated transcription, thereby forming a negative feed-
back loop. Members of the REV-ERB and ROR families regulate BMAL
an open access article under
transcription via negative and positive feedbacks, respectively, and con-
tribute to the fine-tuning of its expression. These interconnected feed-
back loops further drive the rhythmic expression of clock-controlled
genes (CCGs) [8] detectable in 40–80% of all protein-coding genes in a
tissue-dependent manner [9, 10].

Additional layers of post-transcriptional regulation account for the
subsequent transmission of rhythmic information. These include alter-
native polyadenylation, mRNA degradation, translation, and alternative
splicing (AS) [11–13]. AS of pre-mRNAs allows for the differential pro-
cessing of multi-exon genes and for a subsequent reprogramming of
the output isoform which significantly increases the transcriptome
and proteome complexity [14]. The splicing process is catalyzed by the
spliceosome [15, 16] and aided by a large number of auxiliary cis-
acting regulatory elements and trans-acting factors – splicing factors
(SFs) that regulate AS of specific pre-mRNAs. SFs which include mem-
bers of the serine arginine rich (SR) proteins and heterogeneous nuclear
ribonucleoproteins (hnRNPs) have crucial roles in both marking the
splice site for spliceosome assembly and in fine-tuning of AS events by
blocking or promoting access of the spliceosome to a 5′ or 3′ splice
site [17]. The correct choice of the splice sites used and the resulting
AS decisions are essential during development and cell differentiation,
and for tissue-specificity [18].

Links between the circadian clock and splicing have been reported in
Arabidopsis [19, 20],Drosophila [21], andmice [22–24]. Inmammals, SFs
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modulate themRNAexpression or stability of the core-clock genes Cry1,
Per1, and Per3 and the translation of the core-clock gene Rev-ErbB and
the CCG arylalkylamine N-acetyltransferase (AANAT) [25–28], suggest-
ing a reciprocal interplay of the circadian clock and the splicing
machinery.

Similarly to the impact caused by dysregulation of the clock, aber-
rant AS is also associated with various aspects of tumor biology such
as control of proliferation and programmed cell death, metabolism, ap-
optosis, angiogenesis, and metastasis [16, 29]. Isoform switches in dif-
ferent tumor types are linked to losses in functional protein domain
families that are frequently mutated in cancer, possibly conferring a se-
lective advantage to tumor cells similar to that caused by somaticmuta-
tions in cancer drivers [30]. Moreover, various genes with alternative
patterns of splicing that correlate with cancer progression such as the
MDM2 proto-oncogene (MDM2) [31], the vascular endothelial growth
factor (VEGF) [32], and the glycolytic enzyme pyruvate kinase M
(PKM) [33] are also CCGs, as shown by our group and others [34]. As
such, it is conceivable that a circadian regulation of splicing may play a
key role in cancer progression. A clock-controlled timing of AS events
might serve as a complex trans-acting mechanism via which the clock
regulates the temporal diversity of proteins. Yet, a comprehensive anal-
ysis at the systems-level regarding the circadian regulation of splicing in
cancer is still lacking.

In this study, we investigated the interplay between the circadian
clock and pre-mRNA splicing regulation in a well-defined model of co-
lorectal cancer (CRC) progression [35]. CRC is an extremely interesting
model system for clock-cancer studies given the known promising im-
pact of chronomodulated treatment in patients with metastatic CRC
[36], the use of circadian rhythms as a biomarker for CRC patient sur-
vival [37], and the altered expression of clock genes and proteins
found in cell lines and in tumor tissues of patientswith CRC [38–40]. Fol-
lowing a whole-transcriptome approach, we compared the circadian
phenotypes of two CRC cell lines which originate from samples resected
from the primary tumor and the metastasis of the same patient and
which are known to have different clock properties [38].

We identified diverse robustly circadian spliceosome components
and SFs that exhibited differing oscillatory patterns in the CRC model
and investigated the impact of their differential rhythmicity in terms
of alterations in AS events between the cell lines. Interestingly, some
of the circadian splicing-regulated genes including serine and arginine
rich splicing factor 1 (SRSF1), hnRNP L like (HNRNPLL), epithelial splic-
ing regulatory protein 1 (ESRP1), and RNA binding motif protein 8A
(RBM8A) showeddifferences in their respective peakphases and ampli-
tudes which are likely to alter the outcome of AS events of their target
genes. We further discovered several angiogenesis and cell-cell
adhesion-associated geneswhich exhibited static and circadian changes
in splicing, e.g., VEGFA, neural cell adhesion molecule 1 (NCAM1), fibro-
blast growth factor receptor 2 (FGFR2), and CD44. Aberrant splicing of
these genes results in the production of isoforms that are known to con-
fer additional oncogenic properties to tumor cells.

Taken together, our results suggest an important role of the circa-
dian system in the regulation of splicing processes during metastasis
and shed light into the complexity and the power of the circadian regu-
lation of splicing switches and the resultingAS productswhich are likely
to impact on tumor progression.

2. Materials and Methods

2.1. Cell Culture

Human colorectal carcinoma cell lines SW480 and SW620were pur-
chased from the ATCC. The SW480 cell line is derived from a primary
Duke's stage B colon carcinoma and the SW620 cell line from a mesen-
teric lymph nodemetastasis in the same patient. Cells weremaintained
in DMEM low glucose (Lonza, Walkersville, MD, USA) culture medium
supplemented with 10% FBS (Life technologies, Inc., Wilmington, DE,
USA), 1% penicillin-streptomycin (Life technologies, Inc., Wilmington,
DE, USA), 1% HEPES (Life technologies, Inc., Wilmington, DE, USA), and
2 mM Ultraglutamine (Lonza, Walkersville, MD, USA) at 37 °C in a hu-
midified atmosphere with 5% CO2.

2.2. Single Live-Cell Microscopy

For single live-cell microscopy, SW480 and SW620 cells were
transfected with a REV-ERBα-VNP plasmid using X-tremeGENE HP
DNATransfection reagent (Sigma-Aldrich, St. Louis,MO, USA) according
to the manufacturer's instructions. REV-ERBα-VNP positive cells were
sorted via fluorescence-activated cell sorting and cultured under nor-
mal growth conditions until use. For the experiment, cells were plated
in μ-Slide 8 Well Glass Bottom dishes (ibidi, Martinsried, DE). Time-
course live-cell microscopy was performed using a CSU-X spinning
disc confocal microscope (Nikon Corp., Tokio, JP). Pictures were taken
and fluorescence intensity was determined every 30 min for 38 h.

2.3. Sample Preparation for 24-h Time-Course Microarrays

Cells were seeded in triplicates in 6-well plateswith a density of 1–2
× 106 cells one day prior to the experiment. On the next day, cells were
synchronized by medium change using the normal culture medium.
Samples were taken every 3 h for a time-course of 24 h and prepared
for RNA extraction. Total RNA was isolated using the RNeasy Mini Kit
(Qiagen, Valencia, CA, USA) protocol including 15min DNase I digestion
according to the manufacturer's instructions. Prior to the purification
procedure, medium was discarded and cells were washed twice with
PBS and lyzed in RLT buffer (Qiagen, Valencia, CA, USA). RNAwas eluted
in 30–50 μl RNase-free water. The final RNA concentration was deter-
mined with a NanoDrop 1000 spectrophotometer (Thermo Fisher Sci-
entific, Wilmington, DE, USA). RNA was then stored at −80 °C until
use. Microarray hybridization was carried out by the Labor für
funktionelle Genomforschung (LFGC, Charité – Universitätsmedizin
Berlin) using GeneChip Human Transcriptome Arrays 2.0 (HTA 2.0)
(Affymetrix Inc., Santa Clara, CA, USA).

2.4. Gene Expression Analysis

The microarray gene expression analysis was conducted in R. Ex-
pression data was pre-processed for all time points of both cell lines
as one batch using the RMA (Robust Multichip Average) methodology
[41, 42] as implemented in the R package oligo [43]. Transcript clusters
were annotated with NCBI Gene IDs using Affymetrix HTA 2.0 annota-
tion data (hta20transcriptcluster.db, v3.5). For genes annotated bymul-
tiple transcript clusters, only the transcript cluster with the highest
mean expression over all time points in both cell lines was retained,
resulting in a filtered dataset containing data for 24,213 transcripts.
The gene expression data has been deposited in the ArrayExpress data-
base at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under accession num-
ber E-MTAB-5876.

2.5. Rhythmicity Analysis

To detect transcripts exhibiting rhythmic behavior with a 24-h period
in their expression, successive filtering steps were applied. For the detec-
tion of circadian rhythmicity, the Rhythmicity Analysis Incorporating
Nonparametric methods (RAIN) algorithm was used [44]. Acrophases of
the 24-h cycling transcripts were either estimated by fitting a robust
harmonic regression (p b 0·5) to the time-course data using the R pack-
age HarmonicRegression [45] or determined by RAIN. Likewise, ampli-
tudes were either estimated by fitting the robust harmonic regression
(p b 0·5) and calculating the fold change (FC) amplitude from the
resulting relative amplitude (AmpFC = (1 + Amprel)/(1 − Amprel)) or
calculated as the peak-to-trough ratio of the maximum and the mini-
mum expression value. A mean log2 expression threshold of 2·5 and a
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FC amplitude threshold of 1·15 were used to filter for expressed tran-
scriptswith significant rhythms. The p-values of the remaining set of cy-
cling transcripts were Benjamini-Hochberg (BH) adjusted for multiple
testing with an adjusted p-value cut-off of 0·08 determining robustly
circadian transcripts.

For the differential rhythmicity analysis, the robust DODR method
[46] was used with a period of 24 h on all transcripts that were previ-
ously identified as robustly circadian in at least one of the cell lines.
DODR p-values were BH adjusted for multiple testing with an adjusted
p-value cut-off of 0·05 determining transcripts with differential rhyth-
micity. Transcripts were further divided in transcripts with higher am-
plitude in one of the two cell lines when their absolute log2 amplitude
change in one cell line compared to the other was N0·5 and in tran-
scripts with a pure phase shift when their FC amplitude was N1·15 in
both cell lines, their absolute log2 amplitude change smaller than 0·1
and the phase shift between the cell lines N1 h.

Noise-robust soft clustering of circadian gene expression patterns
was performed with the R package Mfuzz using default parameters
[96]. Prior to clustering, the log2 gene expression intensities were trans-
formed to the standard normal distribution.

The relationship between expression values of a set of 12 core-clock
genes was quantified by calculating the Spearman correlation between
each pair of genes using the R package DeltaCCD [47]. For the reference
Spearman correlations, the samples from themurinemulti-organ circa-
dian dataset GSE54650 were used [9]. A data set of 34 CRC cell lines
(GSE97023) originating from a single study using identical culture
methods [48] was further used as a comparison for the circadian signa-
ture in CRC.

The circadian time (CT) of both CRC cell lines was predicted using
the R package ZeitZeiger [49] with the samples from GSE54650 as the
training set (sumabsv = 2, nSPC = 2). All possible alignments of time
after synchronization to CT (full hour) were tested. The optimal align-
ment for the prediction alignment was determined by minimizing the
mean absolute error of all time points.

2.6. Functional Annotation and Gene Phase Set Enrichment Analysis

The Database for Annotation, Visualization and Integrated Discovery
(DAVID) (v6.8) [50]was used to compute enrichedGeneOntology (GO)
terms and pathways from the Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) for circadian gene clusters against a background of the
expressed transcripts in each cell line. The resulting annotations were
grouped in annotation clusters based on common gene members. The
enrichment score of each annotation cluster is defined as the geometric
mean (in -log10 scale) of the individual annotations' non-adjusted p-
values (p b 0·05). The DAVID resource was also used to compute
enriched GO terms for the three sets of differentially rhythmic tran-
scripts and for the candidate genes with differential AS events between
the CRC cell lines (p b 0·05).

Circadian pathways were determined by Phase Set Enrichment
Analysis (PSEA) [51] based on the sets of circadian transcripts. Gene
sets were downloaded from the Molecular Signatures database
(MSigDB) C2 (KEGG gene sets) [52]. Sets containing fewer than five cir-
cadian transcripts were excluded from the analysis. The Kuiper test was
used to identify circadian gene sets by comparing the acrophases of all
circadian transcripts (rounded to the full hour) belonging to each gene
set to a uniform background distribution and by testing for nonunifor-
mity (q b 0·01).

2.7. Analysis of Alternatively Spliced Exons

Putative alternatively spliced exons were predicted by the Finding
Isoforms using Robust Multichip Analysis (FIRMA) method using the R
package aroma.affymetrix [53] and a custom chip definition file (CDF)
forHTA2.0 data fromBrainarray (v19) [54]. FIRMA canbeused to detect
alternative splicing of internal cassette exons from exon array data of
single samples without replicates. For each cell line and each time
point, FIRMA scoreswere computed for all probesets (which usually co-
incide with an exon) and annotated with Ensembl exon IDs. Exons with
a log2 expression below 2·5 were marked as absent. Exons that were
absent in more than half of the samples of a cell line were excluded
from the analysis, as were transcripts where at least half of the
probesets in more than half of the samples of a cell line were absent.
Paired differences in FIRMA scores were computed as the log2 FC of
two FIRMA scores for the same exon at the same time point. Exon-
level expression and FIRMA scores for individual genes were visualized
at the genomic level using the R package GenomeGraphs [55]. Circadian
changes in FIRMA scores over time with a period of 24 h were deter-
mined by RAIN (p b 0·05).

3. Results

3.1. Transcriptome Analysis of a CRC Model Reveals a Dysregulated Core-
Clock and a Phase-Shift of Oscillations in Metastasis

To investigate the possible link between the circadian clock and pre-
mRNA splicing in a cancer context, we took the CRC cell lines SW480
(derived from a primary carcinoma) and SW620 (derived from a
lymph node metastasis from the same patient) as a model system of
tumor progression. We profiled the circadian transcriptome of the cell
lines by measuring mRNA expression levels every 3 h for 24 h using
whole transcriptome arrays (Fig. 1). First, we analyzed the temporal ex-
pression profiles of the 14 genes that form the CCN and two clock-
regulated transcription factors, the D-box binding PAR bZIP transcrip-
tion factor (DBP) and the TEF, PAR bZIP transcription factor (TEF), that
are known to confer circadian rhythmicity to downstream CCGs [56]
(Fig. 1a). With the exception of REV-ERBB that exhibited low expression
levels, all core-clock genes were expressed in both CRC cell lines. How-
ever, the oscillations of core-clock genes were severely diminished in
the metastatic cell line (SW620) when compared to their expression
in the primary tumor-derived cell line (SW480). Several clock genes
showing strong rhythms in SW480 cells such as BMAL1, REV-ERBA,
PER3, and DBP were not oscillating in SW620 cells while others such
as REV-ERBA and CRY1 oscillated in a circadian manner but with lower
amplitudes. This observation is in line with previous work from our
groupwhere we observed strong andweak oscillations of the promoter
activity of BMAL1 for SW480 and SW620 cells, respectively [38]. Time-
course measurements of a REV-ERBα-VNP fusion protein also revealed
a differential clock phenotype of the cell lines at the single-cell level
(Fig. S1a).

We further quantified the extent of circadianperturbation in theCRC
cell lines by computing the Spearman correlation between the expres-
sion values of each pair of 12 core-clock genes or CCGs and comparing
it to a reference signature of clock gene co-expression from healthy
mouse organs [49] (Fig. 1b). Remarkably, the correlation pattern of
SW480 cells closely resembled that of the reference, exhibiting two
groups of genes (BMAL1, neuronal PAS domain protein 2 (NPAS2),
CLOCK, and CRY1 vs. CRY2, REV-ERBA, REV-ERBB, PER1, PER2, PER3, DBP,
and TEF) that are positively correlated with genes within the group
but negatively correlated with genes from the other group. In SW620
cells, however, the separation in two groups was less distinct and the
genes NPAS2 and DBP showed a negative correlation with genes within
their group, indicating a stronger dysregulation of the clock in the met-
astatic cell line. Furthermore, we compared the clock gene correlation
patterns of both cell lines to that of a single-time point data set of 34
CRC cell lines [48]. Across the 34 cell lines, the correlation is even
more diminished than in themetastatic cell line, implying that a dysreg-
ulation of the core-clock is a common feature of CRC cell lines (Fig. S2a).

Using the ZeitZeiger method, [49] we tried to predict the CT of all
samples of both CRC cell lines. ZeitZeiger is a supervised learning
method that uses maximum-likelihood to predict a periodic variable
of oscillatory systems based on a high-dimensional training data set. It
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can also be used to detect phase-shifted or dysregulated oscillators, as
indicated by high errors and/or low log-likelihoods of the predictions.
We used a multi-organ predictor [49] of healthy mice tissues [9] as
the training set and the CRC gene expression data of all time points
grouped together as the test sets. For SW480 cells, the time of day
could be reasonably well predicted (1·37 h ± 1·48 h, mean absolute
error ± SD) with a mean log-likelihood of the predicted CT for all
time points of 0·17 (Fig. S2b), assuming that the synchronization of
the cells corresponded approximately to the onset of darkness (0 h
after synchronization = 13 CT). For SW620 cells, a reliable prediction
of the CT was not possible due to consistently high errors of the predic-
tions. The mean log-likelihood of the predicted CT for all time points of
SW620 cells was significantly lower than that of SW480 cells (−1·65, p
Fig. 1. Transcriptome analysis of the CRC cell lines SW480 and SW620 reveals a dysregulate
expression. (a) Transcriptional expression of core-clock genes in primary tumoral SW480 cells
are represented by fitted harmonic regression curves. (b) Heatmaps of Spearman correlation (
a healthy mammalian reference set (GSE54650). (c) Median-normalized, acrophase-ordered e
and the metastasis-derived cell line SW620. (d) 3-h acrophase bins of the 24-h cycling transc
24-h cycling transcripts in SW480 and SW620. Each transcript is represented by a dot, circa
determined by RAIN (BH adjusted p b 0·08). Acrophases were either estimated by fitting a ha
were either estimated by fitting a harmonic regression (p b 0·5) to the time-course data or c
for cycling transcripts was set to 1·15.
b 0·001 by two-sidedWilcoxon signed-rank test) (Fig. S1b), again indi-
cating a stronger dysregulation of the clock in the metastatic cell line.

On the whole-transcriptome level, we identified ~9·5% circadian
transcripts in SW480 and ~8·0% circadian transcripts in SW620 cells
(Fig. 1c). Interestingly, our data showed that rhythmic genes were
expressed during the entire circadian day with two broad phase peaks
(Fig. 1d). In SW480 cells, 47·3% of the circadian transcripts peaked be-
tween 6 and 12 h and 23·3% between 19 and 24/0 h after synchroniza-
tion, while in SW620 cells, 57·9% of the transcripts peaked between 4
and 10h and 17·7% between 16 and 21h after synchronization. This im-
plies a phase variation of 2–3 h in the overall transcriptome-level circa-
dian rhythmicity from SW480 to SW620 cells, strongly indicating a shift
of clock activity in our cellular model system. Furthermore, oscillating
d core-clock in the metastatic cell line and differential profiles of global circadian gene
(blue) and metastatic SW620 cells (green). Transcripts that were identified as circadian
rho) between each pair of core-clock genes for SW480 and SW620 cells in comparison to
xpression heatmaps of the 24-h cycling transcripts in the primary tumor cell line SW480
ripts in SW480 cells and SW620 cells. (e) Acrophase and amplitude distributions of the
dian transcripts from (a) are highlighted in black. Transcripts with 24-h rhythms were
rmonic regression (p b 0·5) to the time-course data or determined by RAIN. Amplitudes
alculated as the peak-to-trough ratio of the expression value. The minimal FC amplitude
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transcripts in SW620 cells had lower amplitudes (median FC amplitude
of 0·36) than in the primary tumor-derived SW480 cells (median FC
amplitude of 0·43) (Fig. 1e). Less than 600 transcripts were identified
to be oscillating in both cell lines (Fig. S2c), yet many of the non-
intersect transcripts also showed circadian oscillations in the respective
other cell line, albeit partly with changes in their time of peak expres-
sion (acrophase) (Fig. S2d). Apparently, the dysregulation of the core-
clock from the primary tumor to the metastatic CRC cell line leads to a
striking reprogramming of the overall circadian rhythmicity that is
characterized by phase shifts and loss of amplitude in clock-controlled
genes.

3.2. Differential Rhythmicity of Circadian Transcripts Is Linked with Tumor
Progression

To attain a better understanding regarding the changes in circadian
rhythmicity during tumor progression, we compared the amplitude
Fig. 2. Circadian transcripts exhibit differential rhythmicity in the CRC progression model. (a)
SW480 to the metastatic cell line SW620 of the transcripts that showed 24-h rhythms in eit
with BH adjusted p b 0·05 were further divided in transcripts with a higher amplitude in SW
log2 amplitude change b −0·5) and transcripts with a pure phase shift (pink, FC amplitud
(b) log2 amplitude changes from SW480 to SW620 cells for transcripts with DODR adjusted
higher amplitudes in SW480 cells (upper panel, blue) and SW620 cells (lower panel, green)
cells (absolute log2 amplitude change N4, FC amplitude N1·25 in SW480 cells). (e) Acropha
absolute phase shifts N3 h (black border) are labeledwith the gene name. Selected transcripts re
and acrophase of individual transcripts from both cell lines using the ro-
bust DODR method [46] (Fig. 2). We computed DODR p-values for all
3606 pairs of circadian transcripts that oscillated in at least one of the
CRC cell lines. The resulting 1005 transcripts with significant differential
rhythmicity between the cell lines (BH adjusted p b 0.05) were further
grouped in three sets of transcripts exhibiting a higher amplitude in
SW480 cells (39·5%), a higher amplitude in SW620 cells (25·9%), and
a pure phase shift (5·6%) (Fig. 2a) (see Materials and Methods for
criteria). In line with the observed weaker oscillations of the circadian
system in SW620 cells, there was a tendency for higher amplitudes in
the circadian transcripts with a higher amplitude in SW480 cells, as op-
posed to those with a higher amplitude in SW620 cells (Fig. 2b). Inter-
estingly, we further observed a shift in the acrophase distributions of
the circadian transcripts. Transcripts with a higher amplitude in
SW620 cells tended to have earlier phases than those with a higher am-
plitude in SW480 cells (Fig. 2c), again pointing to a temporal
reprogramming of clock activity in the metastatic cells.
Changes in rhythmicity (amplitudes and/or acrophases) from the primary tumor cell line
her one of the cell lines were estimated using the robust DODR method. The transcripts
480 cells (blue, log2 amplitude change N0·5), a higher amplitude in SW620 cells (green,
e N1·15 in both cell lines, absolute log2 amplitude change b0·1 and phase shift N1 h).
p b 0·05 and absolute log2 amplitude change N0·5. (c) Acrophases for transcripts with
. (d) Time-course for the eight transcripts with the largest loss of oscillations in SW620
ses in SW480 and SW620 cells for transcripts with pure phase shifts. Transcripts with
presented in (f) are written in bold. (f) Time-course for selected phase-shifted transcripts.
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A set of eight transcripts had an absolute log2 FC N 4 and all exhibited
a loss of oscillations in SW620 cells (Fig. 2d). The set includes the core-
clock gene PER3 and five other protein-coding genes (adhesion G
protein-coupled receptor E5 (ADGRE5), endothelin 1 (EDN1), epsin 2
(EPN2), myelin expression factor 2 (MYEF2), sytaxin binding protein 6
(STXBP6)), as well as two non-coding RNA genes (tetrapeptide repeat
homeobox like (TPRXL), SH3PXD2A antisense RNA 1 (SH3PXD2A-AS1))
with interesting functions in tumor development and progression.
MYEF2 is a paralog of the SF HNRNPM and acts a suppressor factor in
myelinating and erythroid cells [57]. ADGRE5, EDN1, and STXBP6 are all
involved in cell-cell adhesion [58–60], while EPN2 is involved in
clathrin-mediated endocytosis and acts as a suppressor of VEGF-
mediated angiogenesis [61]. The non-coding RNA genes TPRXL and
SH3PXD2A-AS1 have both been linked to cancer as well [62, 63].

Moreover, we identified 25 circadian transcripts with estimated pure
phase shifts N3 h between the CRC cell lines (Fig. 2d, f). These phase-
shifted transcripts encode for several membrane-related proteins includ-
ing dehydrogenase/reductase 7 (DHRS7), neuropilin2 (NRP2), protea-
some 26S subunit, non-ATPase 1 (PSMD1), stearoyl-CoA desaturase
(SCD), and Sec61 translocon alpha 1 subunit (SEC61A1). Other phase-
shifted circadian transcripts are involved in anion transmembrane trans-
port (ATP binding cassette subfamily C member 1 (ABCC1) and voltage
dependent anion channel 1 (VDAC1)) or the cell cycle (aurora kinase B
(AURKB), CYLD lysine 63 deubiquitinase (CYLD), and establishment of sis-
ter chromatid cohesion N-acetyltransferase 2 (ESCO2)).
Fig. 3. Circadian pathway analysis identifies temporally coordinated expression of spliceosom
circadian pathways in SW480 (a) and SW620 cells (b). The circular axis (blue lines: SW480
from the KEGG database. Pathways that are temporally coordinated in both cell lines are w
transcripts. (c) The spliceosome is among the phase-clustered pathways that demonstrated ci
dotted line depicts the empirical cumulative distribution of phases belonging to genes that a
height of the bars corresponds to the percentage of circadian genes in the spliceosome pathw
with a larger font size corresponding to a greater contribution of the gene to the overall phase
To analyze whether the three sets of differentially rhythmic tran-
scripts between the CRC cell lines are involved in biologically related pro-
cesses or share molecular functions, we conducted a functional
annotation analysis against the complete sets of 24-h cycling transcripts
in the respective cell line using the DAVID resource (Fig. S3). Transcripts
that oscillated in SW480 cells but lost circadian rhythmicity in the meta-
static cell linewere enriched for GO terms related to i.a. chromatin silenc-
ing (p=0·005) andmodification (p=0·016), homophilic cell adhesion
(p=0·013), and the regulation of mitotic nuclear division (p=0·031).
Conversely, transcripts with higher amplitudes in the metastatic cell line
were enriched for GO terms related, i.a., to the regulation of transcription
from an RNA polymerase II promoter (p = 0·021) and the regulation
of smooth muscle cell proliferation (p = 0·036). Transcripts that oscil-
lated in both cell lines but exhibited phase-shifts were enriched for GO
terms related to i.a. DNA binding (p=0·004), replication fork processing
(p = 0·014), and retinoid X receptor binding (p = 0·032). Overall, our
results point to an association of differential rhythmicity of cycling tran-
scripts in the CRC model with various hallmarks of tumor progression.

3.3. Circadian Pathway Analysis Identifies Temporally Coordinated Expres-
sion of Spliceosome-Related Genes

To further explore the functional relevance of the rhythmically tran-
scribed genes, we grouped the complete sets of circadian transcripts
into four clusters based on their temporal expression in SW480
e-related genes in CRC cell lines. Summary of significantly phase-clustered (q b 0·01)
; green lines: SW620) represents the average phase of all circadian genes in a pathway
ritten in bold. The circular histograms show the 3-h acrophase bins of the 24-h cycling
rcadian coordination in both SW480 (left panel) and SW620 cells (right panel) cells. The
re part of the spliceosome pathway. The solid line depicts the uniform distribution. The
ay that peak at a certain time after synchronization. Individual gene names are shown
clustering of the pathway. Gene acrophases were rounded to the full hour.
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(Fig. S4a) and in SW620 cells (Fig. S5a), respectively. For each cluster,
we computed enriched GO terms and KEGG pathways against the back-
ground of all expressed transcripts in the respective cell line. Both in
SW480 and SW620 cells, the circadian transcript clusters were enriched
for genes involved in various biological processes, including DNA bind-
ing, the cell cycle, mRNA splicing, protein folding, cell-cell adhesion, and
metabolism (Fig. S4b and Fig. S5b). Interestingly, for some of the biolog-
ical processes enriched in both cell lines, the associated transcript clus-
ters showed expression peaks at different times of the circadian day.
Strikingly, mRNA splicingwas enriched for the cluster of circadian tran-
scripts that peaked at about 9 h after synchronization in SW480 cells (p
= 8·1e-5), whereas in SW620 cells, the same process was enriched for
the cluster of circadian transcripts that peaked earlier at about 6 h after
synchronization (p = 2·5e-5). Other processes such as cell-cell adhe-
sion were enriched for several circadian transcript clusters in the same
cell line, indicating that while the genes were rhythmically transcribed,
the pathways themselves were not enriched for a particular circadian
phase. In order to identify biologically related gene sets with temporally
coordinated expression at a certain time of day, we conducted a PSEA
for both cell lines (Fig. 3). In contrast to the functional annotation of
clustered circadian gene sets, PSEA only identifies biological processes
which peak once during the circadian day. Nearly all significantly tem-
porally coordinated pathways (q b 0·01) in the cells took place between
4 and 12 h after synchronization for SW480 cells (Fig. 3a) and between
6 and 10 h for SW620 cells (Fig. 3b). Common temporally coordinated
pathways in SW480 and SW620 cells included protein export (7·4/
6·2 h after synchronization in SW480/SW620 cells), antigen processing
and presentation (7·6/6·6 h), and the spliceosome (9·4/8·5 h), as well
as nucleotide metabolic processes (purine metabolism: 9·8/8·3 h; py-
rimidine metabolism: 10·0/8·6 h) followed by DNA replication (11·1/
9·2 h), DNA repair-related pathways (base excision repair: 10.3/9.2 h;
mismatch repair: 11·1/9·4 h, homologous recombination: 11·1/
10·0 h), and the cell cycle (11·4/8·0 h). In the primary tumor cell line
SW480, the analysis further revealed a significant temporal orchestra-
tion for important signaling pathways such as the Jak-STAT signaling
pathway (4·9 h) and the Toll-like receptor pathway (6·8 h), whereas
in the metastatic SW620 cells, several cancer-associated pathways
were temporally coordinated, including small cell lung cancer (7·4 h),
non-small cell lung cancer (7·3 h), and pancreatic cancer (7·4 h), as
well as metabolic pathways such as oxidative phosphorylation (8·8 h)
and pyruvate metabolism (9·3 h).

To assess temporal shifts from SW480 to SW620 cells on the gene set
level, we applied PSEA to the phase differences of the 597 circadian
transcripts that cycled in both cell lines. Again, the spliceosome was
among the phase-clustered pathways whose associated genes showed
significant shifts in their peak expression (0·76 h, q b 0·01)
(Table S1). In both cell lines, the sets of the circadian spliceosome-
associated genes were unimodally distributed, though the composition
of the sets and the peak times of the genes differed between the primary
tumor and themetastatic cell line (Fig. 3c). These results imply that the
rhythmic orchestration of the spliceosome undergoes subtle but signif-
icant changes during CRC metastasis that go in hand with the dysregu-
lation of the circadian system in SW620 cells. Even though other
pathways have also been identified as being temporally coordinated in
a circadianmanner in our data, we decided to focus on the spliceosome
and splicing regulation in the further analyses.

3.4. Spliceosome Components and Splicing Regulators Exhibit Differential
Circadian Transcriptional Rhythms in Tumor and Metastatic Cells

We analyzed the mRNA expression of a curated list of 254
spliceosome components and splicing regulators from the literature
[64] and from two public databases for spliceosome components,
SpliceosomeDB [65], and for human SFs, SpliceAid-F [66] (Fig. 4). The
list consists of components recruited at different complexes of the
spliceosome (A, B, Bact, and C complex), different snRNPs (U11/12, U1,
17S U2, U5, and U4/U6 snRNP), other spliceosomal complexes and pro-
teins (pre-mRNA-processing factor 19 (PRP19) and retention and splic-
ing (RES) complex, exon junction complex (EJC)/mRNP, and Sm/like Sm
(LSm) proteins), as well as hnRNPs, SR proteins, and other splicing reg-
ulators. In SW480 cells, 46 transcripts (~18%) of the splicing-related
genes showed 24-h oscillations (Fig. 4a) compared to 35 transcripts
(~14%) in SW620 cells (Fig. 4b), which is nearly twice the respective
percentages of circadian expression we found in the whole tran-
scriptome for our CRC model system. As expected from the results of
the functional annotation and the circadian pathway analysis, the
acrophases of the 24-h cycling spliceosome components and splicing
regulators showed a phase shift between SW480 and SW620 cells: 30
out of the 35 24-h cycling spliceosome components and splicing regula-
tors in SW620 cells peaked between 6 and 10 h after synchronization
whereas in SW480 cells, the phases were distributed throughout the
circadian day with a peak of expression around 9 h after synchroniza-
tion. Clustering of the oscillatory profiles of circadian spliceosome com-
ponents and splicing regulators yielded three main clusters for SW480
cells and two clusters for SW620 cells (Fig. 4c).

The 24-h cycling transcripts in the CRC cell lines belong to diverse
spliceosomal complexes and splicing-related protein classes (Fig. 4d,
e). However, neither acrophases nor amplitudes were clustered for spe-
cific complexes or genes encoding for proteins from the same class or
family, implying a complex temporal regulation of splicing. We further
investigated the differentially rhythmic patterns of splicing-related
transcripts that cycle in either one of the cell lines (Fig. S6). We selected
robustly circadian splicing-related genes that showed differences in
their rhythmicity between both cell lines and grouped them according
to amplitude changes and phase shifts (Fig. 5). Transcripts with higher
amplitudes in SW480 cells include HNRNPLL, nuclear transport factor
2 like export factor 1 (NXT1), peptidylprolyl isomerase like 1 (PPIL1),
and SRSF1. The expression of HNRNPLL and NXT1 lost its oscillatory pat-
tern and was decreased in SW620 cells, while the opposite behavior
could be observed for PPIL1 and SRSF1 where the mean expression
over all time points increased. Despite the observed dysregulation of
the clock and the smaller number of 24-h rhythmic splicing-related
genes in the metastatic cell line, there were also several transcripts
with higher amplitudes in SW620 cells, including elongation factor Tu
GTP binding domain containing 2 (EFTUD2), papillary renal cell carci-
noma (PRCC), RBM8A, and TAR DNA binding protein (TARDBP). With
the exception of EFTUD2, all genes exhibited stronger oscillatory pat-
terns and higher expression levels in the metastatic cell line. A similar
change in expression levels could be observed for the phase-shifted
transcripts eukaryotic translation initiation factor 4A3 (EIF4A3), ESRP1,
PHD finger protein 5A (PHF5A), and splicing factor 1 (SF1).

3.5. Circadian Regulation of AS in CRC Progression

To investigate whether the observed differences in the oscillatory
profiles of the splicing machinery lead to actual differences in the AS
patterns of the CRC cell lines, we applied the FIRMA method [68].
FIRMA is a widely used algorithm for the detection of AS from exonmi-
croarray data (58) that formulates the detection of AS as an outlier de-
tection problem: For each exon, a score is computed based on the
residuals of the observed probe-level expression within that exon
from the estimated expression produced by fitting the standard RMA
model to the array. A log2 FIRMA score of 0 indicates no departure
from themodel while high or low scores can be indicative of exon inclu-
sion or skipping, respectively.

We compared theAS patterns between the two cell lines by comput-
ing the paired differences in FIRMA scores from SW480 to SW620 cells
for identical time points. Of the 401,839 analyzed exons left after filter-
ing, 299 exons (0·0007%) (256 genes) had significantly different (BH
adjusted p b .001) and high (mean absolute FIRMA score log2 FC ≥ 1)
FIRMA scores and were taken as candidate exons for differential AS
events in CRC progression (Fig. 6a, Table S2). Functional annotation of



Fig. 4. Spliceosome components and SFs show circadian transcriptional rhythms in primary and metastatic CRC. Median-normalized, acrophase-ordered expression heatmap (left panel)
and 3-h acrophase bins (right panel) of the circadian spliceosome components and SFs in SW480 (blue) (a) and SW620 cells (green) (b). (c) Expression patterns of clustered circadian
spliceosome components and SFs in SW480 and SW620 cells. Acrophases and amplitudes of the circadian spliceosome components and SFs in SW480 (d) and SW620 (e). Transcripts
that show circadian oscillations in both cell lines are written in bold. The components are color-coded according to their protein class/family or their recruitment to the spliceosome
complex (lime: recruited at A complex, maroon: recruited at B complex, olive: recruited at Bact complex, navy: recruited at C complex, gray: U11/U12 snRNP, cyan: U1 snRNP, green:
17S U2 snRNP or U2 snRNP associated, dark yellow: U5 snRNP, orange: U4/U6 snRNP, light red: PRP19 complex and PRP19 related, light olive: RES complex, purple: EJC/mRNP, blue:
Sm/LSm protein, yellow with border: hnRNP, green with border: SR protein and SR related, red with border: alternative SF, teal with border: linked to splicing and other regulators).
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all 256 candidate genes with differential AS events between SW480 and
SW620 cells yielded various enriched biological processes (Table S3) of
which many are well-known to be associated with tumor progression
and metastasis, such as the regulation of cell proliferation (p =
0·0002) and apoptotic processes (p = 0·0083), response to drug (p
= 0·0028), cell adhesion (p = 0·0038), and angiogenesis (p =
0·0316) (Fig. 6b). The most enriched term was the process of axon
guidance (p = 5·9e-05) that has recently been reported as a potential
mediator of colon cancer metastasis [69]. Among the top 30 candidate
exons (mean absolute FIRMA score log2 FC ≥ 1·35), there were several
genes reported to have AS variants that play a role in invasion and me-
tastasis such asNCAM1 (Fig. 6c) and CD44 (Fig. S7a). CD44 encodes for a
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transmembrane protein involved in epithelial-to-mesenchymal transi-
tion (EMT). Another EMT-associated candidate gene is the fibroblast
growth factor receptor 2 (FGFR2) (Fig. S7b).

We further tested the array data for circadian rhythmicity in the
changes of FIRMA scores over time and identified59 candidate circadian
alternative exons in SW480 cells (59 genes) (Fig. 7a) andhalf asmany in
SW620 cells (29 exons, 29 genes) (Fig. 7b). Interestingly, many of the
candidate genes also oscillated at the transcriptional level in one or
both of the CRC cell lines. They include the core-clock gene PER2
(Fig. 1a) and the multi-drug transporter protein-encoding gene ABCC1
that also exhibited phase-shifted circadian expression patterns between
the cell lines at the transcriptional level (Fig. 2f). Only two of the candi-
date genes, calcium/calmodulin dependent protein kinase II gamma
(CAMK2G) and NBR1, autophagy cargo receptor (NBR1), showed circa-
dian AS patterns in both cell lines, pointing to a global reprogramming
of circadian AS events during CRC progression. Strikingly, the circadian
FIRMA score profiles of CAMK2G and NBR1 also exhibited phase-shifts
in their rhythmic AS patterns (Fig. 7c). The DNA damage gene NBR1
was also cyclically expressed at the transcriptome-level in SW480
cells and has been reported as a putative CLOCK target gene in CRC
[70]. Circadian AS events were also predicted for CD46, a gene encoding
for the complement inhibitormembrane cofactor protein that is also in-
volved in T cell regulation and infection processes, and methionine
adenosyltransferase 2A (MAT2A) that are both overexpressed in CRC
[71, 72] (Fig. 7c). Further interesting candidates are calponin 3
(CNN3), a proposed marker for lymph node metastasis in CRC [73],
VEGFA, and splicing factor 3b subunit 1 (SF3B1) (Fig. 7c). In most
cases, the oscillating FIRMA scores of the candidate genes were concor-
dant with the temporal patterns of the respective exons (Fig. S8).

Altogether, we identified distinct oscillatory phenotypes for
spliceosome components and splicing regulators in our CRC model
system. This indicates a strong cross-regulation between the circadian
system and splicing with noteworthy implications in tumor develop-
ment. Interestingly, these phenotypes correlate with changes in AS pat-
terns – both static and circadian – in well-known tumor progression-
related genes which points to a role of the circadian clock in the regula-
tion of splicing that can be hijacked in metastasis.

4. Discussion

Even though systemic dysregulations of the circadian clock in differ-
ent cancer types have been recently reported [47, 74], a circadian sys-
tems analysis in a cancer model that allows for the in depth
identification of time-specific processes which impact tumor progres-
sion has been missing. In this work, we used a comprehensive systems
biology approach to couple circadian molecular processes with mRNA
splicing, its subsequent impact on AS, and its possible consequences in
tumorigenesis. We used a CRC cellular model to analyze tumor
progression-specific differences in circadian transcriptional rhythmicity
and mRNA splicing patterns. The cellular model chosen includes two
cell lineswith the same genetic background but differentmetastatic po-
tential and has been commonly used to investigate primary and meta-
static behavior in CRC [75–77]. We performed a time-course genome-
wide screening of the two CRC cell lines using whole transcriptome ar-
rays which allowed for the identification of cell-specific 24-h cycles in
the expression of gene transcripts, as well as for the prediction of
circadian-regulated AS events at the exon level.

Our results demonstrate that despite diminished oscillations of core-
clock genes and dysregulated correlation patterns in the metastatic cell
line in comparison to the primary tumor and a healthy control pool of
murine tissues, oscillations of CCGs largely persist on the
transcriptome-level. Furthermore, the identity of circadian transcripts
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and their overall acrophases distribution differed between the cell lines,
with a 2–3 h shift in clock activity which may account for the global
reprogramming of circadian activity observed in the metastatic cell
line. Following a detailed analysis of circadian differential rhythmicity
at the single transcript-level, we grouped the oscillating genes in three
distinct sets exhibiting amplitude changes (either a higher amplitude
in SW480 or in SW620 cells) or pure phase shifts. Interestingly, genes
with diminished oscillations in the metastatic cell line are associated
with important functional processes relevant to tumor progression
such as cell-cell adhesion and angiogenesis. Conversely, genes that
showed an increase of oscillations from the primary tumor to the met-
astatic cell line were associated with the regulation of smooth muscle
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cell proliferation. The smoothmuscle layer is often lacking in tumor ves-
sels and it has been shown that CRC cells induce apoptosis of vascular
smooth muscle cells, thereby facilitating their intravasation into the
bloodstream and promoting metastasis [78]. The gain and loss of oscil-
lations in specific circadian transcripts might indicate a possible mech-
anism which enables CRC cells to alter the temporal regulation of
smooth muscle cell proliferation and cell-cell adhesion and thus to
develop properties that are favorable to the formation of metastases.
Genes with pure phase-shifts in transcriptional rhythmicity were less
frequent than those showing changes in the oscillatory amplitude, but
could also be linked to tumor onset and progression. Thus, our results
show that alterations of circadian rhythmicity are wide-spread during
CRC tumor progression and that they may have far-reaching conse-
quences on diverse biological functions associated with metastasis.
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However, other cancer models need to be analyzed in future work to
allow for more generalized conclusions regarding the circadian regula-
tion of splicing and its putative role in metastatic behavior.

We further investigated the temporal phenotype of the circadian
enriched pathways in our CRC model. Remarkably, the spliceosome
was among the biological pathways whose associated genes showed a
significantly phase-shifted, temporally coordinated expression in both
CRC cell lines. This effect seems to be the outcome of an altered clock.
We identified circadian oscillations on the transcriptional level of di-
verse spliceosome components and SFs, including hnRNPs, SR proteins,
and RBMproteins. Many of the circadian splicing-related genes showed
changes in amplitudes and phase-shifted expression patterns in CRC
progression that correlate with the altered outcome of AS events of
their target genes as shown by our data.

The high flexibility of alternatively spliced gene products can pro-
vide tumor cells with the ability to produce protein isoforms that are
normally expressed only in specific developmental stages, but that are
downregulated in adult cells [29]. In cancer, they can promote uncon-
trolled growth and survival, thereby conferring tumor cells with a selec-
tive advantage. A recent study on the functional impact of AS in cancer
further revealed that recurrent transcript isoform switches across vari-
ous cancer types affect protein domain families frequently mutated in
cancer and may disrupt protein-protein networks in cancer-related
pathways [30]. Interestingly, these AS changes have been found to be
negatively correlated to somatic mutations [30]. One possible explana-
tion for their originmight be trans-acting alterations such as the tempo-
ral expression changes in spliceosome components and SFs as observed
in our CRC progression model.

Even though most alterations in AS during CRC development have
been reported to occur during the transition from normal to tumor
cells [79], we identified nearly 300 candidate differential AS events be-
tween the primary tumor and the metastatic cell line. Many of the
genes with predicted AS events were involved in processes relevant to
tumor progression, migration, and invasion, such as NCAM1 which en-
codes for a neural adhesion molecule capable of heterotypic and
homotypic binding. Loss of expression of the NCAM-180 isoform due
to truncated transcripts was previously reported for SW620 cells and
is linked to CRC [80]. Other examples for differential AS events in CRC
progression identified in our study are the EMT-associated splicing
switches of the genes CD44 and FGFR2. CD44 encodes for a family of
cell adhesionmolecules, involved in both homotypic andheterotypic in-
teractions with extracellular matrix components [81]. The genomic
structure of human CD44 consists of 20 exons, ten of which (v1 to
v10) are included or skipped in a variable fashion, defining the attach-
ment properties of the molecule and its subsequent impact on cancer
metastasis and EMT [29, 67, 82]. FGFR2 encodes for two isoforms due
to mutually exclusive splicing of alternative cassette exons III3b and
IIIc: The IIIb isoform is characteristic to epithelial and the IIIc isoforms
to mesenchymal cells [83]. A choice between mutually exclusive
exons in FGFR2 alters its specificity to bind growth-stimulating proteins
in prostate cancer [84]. The splicing of both FGFR2 and CD44 is regulated
by two isoforms of the SF ESRP (ESRP1/2) [83]. Both ESRP isoforms are
known to be important regulators of splicing switches during EMT
[67]. Interestingly, ESRP1 also showedphase-shifted circadian transcrip-
tional rhythms in our CRCmodel. Thus, it is likely that the observed tem-
poral shift in the circadian expression of the SF ESRP1 during tumor
progression leads to switches in the splicing of FGFR2 and CD44 which
may result in the production of isoforms that promote malignant trans-
formation by enabling EMT and favoring metastasis.

In addition to the above described static changes in splicing due to
temporal changes in the expression of SFs, we also identified exons
whose AS patterns themselves changed over time in a circadian man-
ner. Most exons that exhibited circadian oscillations in their splicing
patterns in the primary tumor cells, such as ABCC1, CNN3, PER2, and
VEGFA, lost them during metastasis, whereas others, such as the SF
SF3B1, exhibited a gain of cyclic splicing behavior. According to the
position of the candidate exon on the gene, the AS of SF3B1 affects the
HEAT repeat domain 8 which encodes for part of the canonical isoform
of the gene. Though not much is known regarding the effects of AS of
SF3B1, its knockdown in human myeloid cell lines resulted in over 500
significant differentially regulated splicing variants of nearly 400
genes, including TP53 [85]. A similar effect could result from the ob-
served circadian AS of SF3B1 in our system, however, further experi-
ments are necessary to elucidate a possible functional outcome of this
mechanism.

The candidate circadian alternatively spliced exon of PER2 is part of
the C-terminal region of a previously reported splicing variant of PER2
known as PER2S, which is not conserved and non-homologous to the
PER2 sequence [86]. The PER2S isoform was found to be preferentially
localized in the nucleolus, suggesting a possible cross-talk of the clock
and the nucleolus via PER2S. Interestingly, the disturbance of nucleolar
function in response to cellular stress is linked to cancer via regulation
of the p53 pathway: The disruption of the nucleolar structure triggers
the release of the tumor suppressor ARF and several nucleolar
riboproteins into the nucleoplasm where they bind to MDM2, thereby
preventing MDM2-mediated p53 degradation, leading to cell cycle ar-
rest or apoptosis (Suzuki et al., 2012). The loss of PER2S circadian AS
could potentially lead to alterations in the nucleolar function due to
disrupted circadian timing of its components, which may impact p53
activation and promote carcinogenesis via the pathways described
above.

Depending on the splice site choice, VEGF can act either as an
anti-angiogenic protein or as a pro-angiogenic protein [32]. These al-
ternative splice forms of VEGF are regulated by SR proteins,
e.g., SRSF1, which was also reported to act as an oncogene and for
which we observed an altered circadian phenotype in the metastatic
cell line. SRSF1 itself is phosphorylated by an SR protein kinase
(SRPK1/2), which exhibited higher expression levels and an altered
oscillation in the SW620 cells. The inhibition of the kinase was
shown to reduce angiogenesis, a critical process for cancer progres-
sion and metastasis [87].

ABCC1 showed phase-shifted circadian oscillations for both cell lines
on the transcriptome-level, aswell as circadianpatterns of AS of exon 22
that are not observed in the metastatic cell line. ABCC1 encodes for the
multidrug resistance-associated protein 1 (MRP1) that plays an impor-
tant role in conferring resistance to chemotherapeutic drugs in cancer
cells [88]. Circadian transcriptional oscillations of ABCC1 have also
been observed in Caco-2 cells [89] and diverse tissues in mouse, rat,
and monkey [90]. Different splice variants of ABCC1 have been charac-
terized [91], some of which have been found to confer a drug resistance
phenotype in ovarian cancer [92]. Even though further studies are nec-
essary to explore the observed phenotype, we hypothesize that the dys-
regulation of the clock may lead to a reprogramming of the circadian
behavior of ABCC1, which might play a relevant role in the known
drug resistance of colon cancer patients [93]. Altogether, ourfindings re-
garding the circadian regulation of ABCC1 further strengthen the rele-
vance of this gene as a promising drug target in cancer and highlight
the role of the clock in optimizing therapy [74, 94, 95]. Thus, the cou-
pling of the circadian clock and splicing regulation may offer novel an-
gles to tackle and elucidate the mechanisms of cancer development
and metastasis.

We are still in the beginning of investigating how time may play a
role in the splicing process and its subsequent effects on cancer progres-
sion. The subtle, yet significant phase shifts observed in the oscillatory
patterns of splicing-related genes suggest that a higher resolution of
time points and/or a wider temporal window might help to reveal
even smaller alterations in the circadian rhythmicity of spliceosome
components and SFs in subsequent studies. Additionally, an RNA-seq
analysis of the candidate differentially spliced internal cassette exons
may help to validate the results of the whole transcriptome array data
and to reveal other types of AS events in CRC progression andwill be ad-
dressed in the future. The data produced so far is intriguing and the
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usage of further experimental validation regarding the AS events and
their elicitors will allow us to fully understand and eventually unravel
this process.

The results of our study revealed differential circadian oscillations of
spliceosome components and SFswhich correlatewith AS decisions and
add a temporal layer to the regulation of mRNA splicing. Hence, our
work sheds light on the role of the circadian clock in the fine-tuning of
AS and on how this putative reprogramming of cellular time might en-
able cells to acquire oncogenic properties which favor tumorigenesis.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ebiom.2018.06.012.
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